Schistosoma mansoni is an important human parasitic disease which is widespread throughout Africa 
Schistosomiasis is a major human parasitic disease widespread throughout Africa and ranks second only to malaria in terms of public health importance (WHO 1993) . Schistosomiasis is focally distributed with transmission influenced by several factors, of which intermediate host snail distribution is of great importance. It is well documented that intermediate host snails inhabit a wide range of natural habitats (Webbe & Jordan 1982 , Sturrock 1993 , Brown 1994 . Often, man-made habitats, such as irrigation canals, pools behind small dams and ponds along roads and railway constructions, may become rapidly inhabited by intermediate host snails, thus contributing to disease transmission (Watson 1958 , McCullough 1972 , Upatham et al. 1981 , Betterton 1984 , Thomas & Tait 1984 , Betterton et al. 1988 , Madsen & Christensen 1992 , Hunter et al. 1993 . Habitat features required by the snails are rather grossly described and do not put enough emphasis on the microhabitat (Thomas & Tait 1984 , Madsen et al. 1988 , Woolhouse & Chandiwana 1989 , although such knowledge may be relevant for the appropriate design of snail control (Utzinger et al. 1997a) .
In the Kilombero district in southeastern Tanzania, schistosomiasis is endemic (Zumstein 1983 , Pervilhac et al. 1998 . Schistosoma haematobium is the predominant species (Zumstein 1983 , Lengeler et al. 1991 ) and the population ecology of its intermediate host snail, Bulinus globosus (Morelet), has been studied in detail (Marti et al. 1985 , Marti 1986 . S. mansoni is also present since a first focus was identified in the village of Namwawala in 1984, with an infection prevalence of 39% among schoolchildren. Subsequent annual chemotherapy of infected schoolchildren had only little effect on the prevalence of S. mansoni infection, which suggested a high reinfection rate (Don de Savigny pers. comm.). Later, Biomphalaria pfeifferi (Krauss) snails collected in the Namwawala river were found to release S. mansoni cercariae.
Since control using chemotherapy had failed, control of transmission was tried by environmental modification. A river flushing weir was constructed by having a flat layer of concrete fixed onto the substratum, and building an artificial pool about 20 m above the weir to impound the water. The weir became operational in 1989 and proved to be effective in reducing the occurrence of B. pfeifferi below the weir after flushing (Fritsch 1993) . However, the weir has no longer been operated since 1993 and Odermatt (1994) found infected B. pfeifferi snails in the artificial pool above the weir.
There are recent concerns that S. mansoni has gained importance in the Kilombero district (Pervilhac et al. 1998 ) probably because B. pfeifferi has become more widely distributed over the last decade. Given this situation and its relevance for transmission and control of schistosomiasis in the area, we decided to compare the microhabitat preferences of B. pfeifferi in a natural habitat with their preferences in a nearby man-made habitat. Repeated removal collecting was used to assess the total snail density. As L. natalensis also occurred abundantly in both habitats, their microhabitat preferences were also investigated and compared with those of B. pfeifferi.
MATERIALS AND METHODS
Study area -The study was carried out in the Namwawala river which runs through Namwawala village, located in the Kilombero district, Morogoro region in southeastern Tanzania (Fig. 1) . The area has a distinct rainy season between December and April, with heavy rains mainly in March and April (Jätzold & Baum 1968) . The mean annual precipitation is 1.300 mm and the mean annual temperature is 26°C (Freyvogel 1960) . A detailed description of the river is given by Fritsch (1993) and further details of the village are provided by Smith et al. (1995) .
The fieldwork was conducted in two aquatic habitats during the dry season in October 1995, the period of highest B. pfeifferi density (Odermatt 1994) . Due to low rainfall in the months preceding the study, both habitats had become isolated, stagnant pools when the investigation was carried out. Site A, a natural habitat, was an isolated residual pool of the Namwawala river that covered an area of 11.75 m 2 , located approximately 50 m downstream from where the main road crosses the Namwawala river. Site B, a very shallow man-made habitat of about 10 m 2 with a substratum consisting of a flat layer of concrete was connected with the impoundment area of a river flushing weir. Site B is located 10 m upstream from where the main road crosses the Namwawala river (Fig. 1) .
Site A: microhabitat availability -Site A was divided into sections by marking 17 transects, located at right angles to the middle line of the habi- tat (Bovee 1982) . The distance between adjacent transects was set at 50 cm. The width of the river was measured on each transect to the nearest cm. Along the transects, points were selected at every 10 cm. There, microhabitat availability was quantified by measuring the total water column depth with a calibrated stick to the nearest cm and visually classifying the dominant substratum within an area of 5x5 cm, using the method of De Graaf and Bain (1986) adapted by the authors to meet local conditions: class 1: plant detritus, class 2: clay/silt (0.004-0.06 mm), class 3: sand (0.07-2.0 mm), class 4: gravel/pebbles (2.1-64 mm), class 5: cobbles (64.1-250 mm), class 6: boulders (> 250.1 mm), and class 7: bedrock. It was found previously that, with experience, such visual classifications were reliable (Utzinger et al. 1997b) .
Site A: snail collection -Snails were systematically searched for within the whole habitat, and they were collected by hand, removed and identified at species level. Snail collection was repeated three times on two consecutive days (once on day 1 and twice on day 2). This method allowed calculation of the total density of snails (Sutherland 1996) . For each species, the number of snails that were collected and removed during the three consecutive surveys were used to estimate the total population and the catching probability, according to equations provided by Seber and Le Cren (1967) . For B. pfeifferi the shell diameter, and for L. natalensis the shell length, were measured directly in the field to the nearest 0.1 mm, using a calliper.
Site A: microhabitat utilization and preferences -For B. pfeifferi and L. natalensis, the precise location within site A (x-and y-axis to the nearest cm) was measured and the water column depth above the snails and the dominant substratum at the point of collection recorded. The spatial distribution of both snail species was depicted in a scattergram. Total snail densities [including 95% confidence interval (CI)] were calculated for different microhabitat types and compared with densities expected in case of equal spatial distribution. When snails were found in a habitat type more frequently or less frequently than expected the terms "habitat preference" and "habitat avoidance" were used, respectively. Comparison of microhabitat availability and utilization by B. pfeifferi and L. natalensis was made by the KolmogorovSmirnov test (K-Sm) for continuous variables, such as water depth and distance from shoreline, and by chi square test (χ 2 ) for substratum (Sokal & Rohlf 1981) .
Site B: microhabitat availability -Along six transects, the water depth and the dominant substratum was recorded systematically at every 10 cm. The water depth was measured with a calibrated stick to the nearest 0.5 cm and the substratum was classified as for site A. The distance between adjacent transects was set at 40 cm.
Site B: snail collection -No attempt was made to estimate total snail density because site B was connected with an adjacent pool and immigration and emigration of snails was likely to occur. Snails were collected once in six sections which were set by the transects and had a width of 20 cm.
Site B: microhabitat utilization and preferences -The utilization of microhabitats by B. pfeifferi and L. natalensis with respect to water depth, distance from the shoreline and the dominant substratum were recorded. The water column depth above a snail was measured to the nearest 0.5 cm. The dominant substratum and the distance from the closest shoreline was quantified as for site A.
RESULTS
Site A with a total surface of 11.75 m 2 had a water depth that ranged between 0 and 26 cm. The substratum consisted mainly of plant detritus, sand and bedrock. Clay/silt, gravel/pebbles and cobbles were less frequently recorded and boulders were absent from this habitat. Four snail species were collected: B. pfeifferi, L. natalensis, B. globosus and Pila ovata (Peters). The first two species were 15-20 times more abundant than the last two. The total number of snails collected and removed during the three repetitive surveys is given in Table I . Although more B. pfeifferi (n = 282) than L. natalensis snails (n = 265) were collected in the three repeated surveys, the former species was estimated to be less abundant because its catching probability was higher (0.54 vs 0.30). This may be explained by the fact that the population of L. natalensis comprised a larger proportion of smallest snails (91 snails with a shell length < 4 mm) when compared with B. pfeifferi (27 snails with a shell diameter < 4 mm) as shown in Fig. 2a . We estimated the total densities of B. pfeifferi and L. natalensis to be 26.6 (95% CI: 24.9-28.3) and 34.0 (95% CI: 25.7-42.4) snails/m 2 , respectively.
The spatial distribution of B. pfeifferi and L. natalensis in site A is depicted in Fig. 3 . The diagram shows that both species are unevenly distributed within the habitat but tend to prefer similar locations, including those close to the shoreline. These findings are confirmed by analysing microhabitat preferences (Fig. 4) . Both snail species were found most abundantly at distances between 0 and 30 cm from the shoreline. The highest densities of B. pfeifferi occurred between 0 and 10 cm and those of L. natalensis between 20 and 30 cm. The comparison of microhabitat availability in terms of distance from the shoreline and the microhabitat utilization by the two snail species revealed statistically significant differences. Site A was a habitat with a mean distance from the shoreline of 38 ± 22 cm. In this habitat, B. pfeifferi were found at a mean distance from the shoreline of 26 ± 19 cm (K-Sm test, P < 0.001). L. natalensis were found at a mean distance of 29 ± 17 cm (KSm test, P < 0.001).
Both snail species showed microhabitat preferences for shallow water with peak densities observed in water depths between 0 and 4 cm. Comparison between the water depths that were available and preferences shown by B. pfeifferi and L. natalensis revealed statistically significant differences. The mean water depth in site A was 8.3 ± 7.3 cm, whereas the mean preferred depths of B. pfeifferi and L. natalensis were 2.2 ± 2.5 cm (K-Sm test, P < 0.001) and 1.5 ± 1.3 cm (K-Sm test, P < 0.001), respectively.
The substratum histograms show that B. pfeifferi and L. natalensis prefer either plant detritus (class 1) or bedrock (class 7). As compared with the substratum availability, these differences were statistically significant [χ 2 , 5 degree of freedom (d.f.) = 56.9, P < 0.001 for B. pfeifferi and χ 2 , 5 d.f. = 99.7, P < 0.001 for L. natalensis].
When microhabitat preferences for B. pfeifferi and L. natalensis were compared it was found that the two species occurred in significantly different microhabitats. B. pfeifferi preferred deeper water (mean depth: 2.2 ± 2.5 cm, n = 282) than L. natalensis (mean depth: 1.5 ± 1.3 cm, n = 265, P = 0.0007, K-Sm test) and B. pfeifferi preferred to live closer to the shoreline (mean distance: 26.4 ± 18.6 cm, n = 282) than L. natalensis (mean distance: 28.8 ± 17.2 cm, n = 265, P = 0.023, KSm test). Both species preferred plant detritus and bedrock as dominant substrata; however, L. natalensis was more likely to be found on plant detritus and less likely to be found on bedrock (χ 2 , 5 d.f. = 20.6, P = 0.001).
In site B, the water depth was uniform and ranged between 0 and 6 cm. The substratum consisted of an artificial layer of concrete that was uniformly covered by algae. During the single survey, a total of 443 snails were found. There were three different species of which L. natalensis was the most abundant at 63.9% (283/443), while B. pfeifferi accounted for 35% (155/443) and B. globosus for 1.1% (5/443) of all snails.
The frequency distributions of size for B. pfeifferi and L. natalensis are given in Fig. 2b . The spatial distribution of these two snail species with respect to water depth and distance to the closest shore is summarized in Table II . It is characterised by a distinctively different pattern from that in site A: B. pfeifferi showed no preference for habitats closer to the shoreline and instead, were more likely to be found at distances between 101 and 250 cm from the shoreline.
The comparison between the microhabitat preferences of B. pfeifferi and L. natalensis in site B revealed significant differences. B. pfeifferi occurred in deeper water than L. natalensis (mean depth: 1.3 ± 0.8 cm, n = 155; compared with 0.3 ± 0.6 cm, n = 283, P < 0.0001; K-Sm test) and tended to live further away from the shoreline than L. natalensis (mean distance: 151 ± 62 cm, n = 155; compared with 89 ± 68 cm, n = 283, P < 0.0001, K-Sm test).
DISCUSSION
The present study allowed us to compare estimates of the total density of B. pfeifferi which we calculated from data on three consecutive samples with published results based on other quantitative methods, such as mark-recapture or exhaustive sampling in a given area. Total density measures of intermediate host snails of schistosomiasis are important variables which may affect the transmission rates of the disease (Woolhouse 1992) . Interestingly, our density estimates of 26.6 B. pfeifferi snails/m 2 is similar to those of 16-51 snails/m 2 obtained by Thomas and Tait (1984) using the mark-recapture method. A peak density of 98 snails/m 2 was reported by Woolhouse (1992) , also using the mark-recapture method. Using 25 cm 2 quadrats, peak densities of 83±23 snails/m 2 were estimated by Thomas and Tait (1984) . Our mean and peak density ranged in the same magnitude, indicating that estimates based on repetitive removal in small and shallow sites represent an alternative approach to estimate absolute snail densities. This is further confirmed by the fact that the catching probability of B. pfeifferi was well above 0.3, therefore this method can be considered a reliable means for total density estimates (Krebs 1993) .
It was emphasised by Woolhouse and Chandiwana (1989) that precise information on the spatial distribution of intermediate host snails of schistosomiasis is crucial for an understanding of disease transmission and the potential of control measures, particularly also the application of focal mollusciciding. However, only a few studies have focused on microhabitat preferences of B. pfeifferi. Reviewing the literature, it was concluded that water temperature in stagnant waters, and current velocity in running waters are the key factors that determine the density of B. pfeifferi (Appleton 1978) . Thomas and Tait (1984) conducted a study in a large lake in Nigeria and B. pfeifferi was most likely to be found in shallow waters close to the shoreline. Utzinger et al. (1997a) determined shallow waters (depth: 2-7 cm) as preferred microhabitats for B. pfeifferi in a small perennial river in Tanzania. The present study in a small residual pond of a river also carried out in Tanzania confirmed that B. pfeifferi prefer shallow waters (depth: 0-4 cm) and are most likely to be found close to the shoreline (distance: 0-40 cm). In addition, it was found that B. pfeifferi preferred plant detritus and bedrock as dominant substrates, which is in contrast to previous findings, where no significant preferences were reported for substratum type (Utzinger et al. 1997a ). When the spatial microhabitat preferences of B. pfeifferi were compared with the availability of microhabitats in a man-made habitat, it was found that most favourable conditions were created, by fixing a concrete slab onto the riverbed which resulted in a uniform water depth. It was interesting to note that the layer of concrete in this habitat was covered by algae, and the density of B. pfeifferi was high, confirming recent results from Odermatt (1994) . In this artificial habitat, we observed the highest B. pfeifferi densities in shallow waters (depth: 0-3 cm) and at distances from the shoreline between 101 and 250 cm. There has been considerable discussion about whether concrete provides a suitable habitat for snails, especially those of medical importance. The lining of irrigation ditches and drains with concrete was proposed as a means of schistosomiasis control because such habitats would remain free from intermediate host snails. However, De Meillon et al. (1958) found intermediate host snails well stocked in large cement reservoirs and suggested that snails can, for some time, live independently of aquatic vegetation. Malek (1958) and also Watson (1958) noticed that cemented canals are likely to become covered with a layer of silt which then provides a good ground for algae growth and consequently allows the establishment and reproduction of intermediate host snails. However, the coverage of a silt layer depends to some extent on the water velocity patterns.
Both habitats in the present study were also inhabited by L. natalensis and densities were even higher than those of B. pfeifferi. This observation confirms previous reports from different geographical settings where a positive association between B. pfeifferi and L. natalesis was documented (Dennis et al. 1983 , Thomas & Tait 1984 , Madsen et al. 1988 . However, no previous attempts were made to compare habitat preferences by these two snail species on the microhabitat level and our study was probably the first that tried to do this. We observed microhabitat preferences that differed significantly between B. pfeifferi and L. natalensis, as the former was found in slightly deeper water.
We conclude that in small aquatic habitats of a reduced size, visible identification and hand collecting of snails is feasible. Sampling based on repeated removal of aquatic snails enables the total densities to be estimated. However, hatchling snails may be underestimated. Structural habitat changes require baseline data on the microhabitat preferences of intermediate host snails of schistosomiasis in nearby natural habitats, in order to assess the suitability of such man-made habitats for later colonisation of snails. Such information will make it possible to give more objective advice to engineers on the feasibility and efficacies of potential control measures. Consequently, proposed structural habitat changes might be modified, so that the likelihood of establishing new snail habitats contributing to the spread of schistosomiasis, might be reduced.
